The emergence of photosynthetic eukaryotes has played a crucial role in evolution and has strongly modified earth's ecology. Several phylogenetic analyses have established that primary plastids arose from a cyanobacterium through endosymbiosis. However, the question of which present-day cyanobacterial lineage is most closely related to primary plastids has been unclear. Here, we have performed an extensive phylogenomic investigation on the origin of primary plastids based on the analysis of up to 191 protein markers and over 30,000 aligned amino acid sites from 22 primary photosynthetic eukaryotes and 61 cyanobacteria representing a wide taxonomic sampling of this phylum. By using a number of solutions to circumvent a large range of systematic errors, we have reconstructed a robust global phylogeny of cyanobacteria and studied the placement of primary plastids within it. Our results strongly support an early emergence of primary plastids within cyanobacteria, prior to the diversification of most present-day cyanobacterial lineages for which genomic data are available.
Introduction
As first suggested by Schimpler (1883) and then developed by Mereschkowsky (1905) and, later, by Margulis (Sagan 1967; Margulis 1970) , it is now widely accepted that the first photosynthetic eukaryotes arose through a symbiosis between a free-living cyanobacterium and a non-photosynthetic eukaryotic host (for recent reviews, see Gould et al. 2008; Keeling 2010 and references therein) . Primary plastids are the result of such event and are present in a major group of autotrophic eukaryotes composed of the Glaucophyta (algae containing cyanelles), the Rhodophyceae (red algae), and the Chloroplastida (green algae and land plants), forming the Archaeplastida supergroup (Adl et al. 2005) . During the process of becoming an organelle, the cyanobacterial symbiont donated a large number of its genes to the host nuclear genome, leading to an overall reduction of plastid genome sizes. These genes of cyanobacterial origin are therefore now integrated into the host genome, and their products are imported back to the organelle by a dedicated system (see Gould et al. 2008; Keeling 2010) .
Cyanobacteria make up a large and morphologically diverse phylum, often classified into five subsections, I-V (sensu Rippka et al. 1979) . Unicellular cyanobacteria are divided into two groups: subsection I for taxa that reproduce by binary fission (or by budding) and subsection II for those producing small spherical reproductive cells (baeocytes) to perform multiple fissions. The three other subsections correspond to filamentous taxa that grow by intercalary cell divisions: the non-heterocystous taxa (III) and the heterocystous taxa that divide in only one plane (IV) or more (V).
However, this morphological classification does not reflect true evolutionary relationships, as shown by the analysis of molecular data (Wilmotte 1994) . The global phylogeny of cyanobacteria has been largely studied by using 16S ribosomal RNA (rRNA) sequences or a few genes (see, e.g., Turner et al. 1999; Seo and Yokota 2003) . Some analyses have been performed by using a larger number of genes but very few taxa, due to the limited availability of genomic sequences from a large taxonomic sample up to very recently (Shi and Falkowski 2008; Swingley et al. 2008; Blank and Sánchez-Baracaldo 2010; Gupta and Mathews 2010) . If a number of groups are highlighted, the cyanobacterial tree remains largely unresolved, especially at its most basal nodes.
Although the monophyly of Archaeplastida is debated (Moreira et al. 2000; Rodríguez-Ezpeleta et al. 2005; Parfrey et al. 2010) , phylogenetic analyses have indicated that primary plastids have a common origin (Rodríguez-Ezpeleta et al. 2005) . However, the question of which present-day cyanobacterial lineage is the closest relative of primary plastids remains more open. By studying genes involved in glycogen metabolism, Deschamps et al. (2008) proposed that primary plastids might have originated from a cyanobacterium that was able to synthesize semi-amylopectin, a characteristic harbored by nitrogen-fixing taxa belonging to subsection I. On the other hand, by analyzing the genes of cyanobacterial origin in the genomes of four Archaeplastida, Deusch et al. (2008) suggested that the ancestor of primary plastids might have been an organism more similar to present-day members of the Nostocales (nitrogen-fixing cyanobacteria belonging to subsection IV; for similar findings, see also Martin et al. 2002) . Conversely, by comparing patterns of gene presence/absence among 1 land plant, 1 red algae, and 8 cyanobacterial taxa from subsections I and IV, Sato (2006) showed that genes of cyanobacterial origin shared by the two Archaeplastida were also shared by most of the considered cyanobacteria. He therefore claimed that these eukaryotic genes did not originate from any of these cyanobacterial lineages but near the cyanobacterial root (in particular after the offshoot of the earliest diverging cyanobacterium strain Gloeobacter violaceus). Early phylogenetic analyses on 16S rRNA sequences have suggested a deep origin of primary plastids within the cyanobacteria (Bhattacharya and Medlin 1995; Nelissen et al. 1995; Turner et al. 1999 ). This has been confirmed by more recent analyses of 16S rRNA such as that of Reyes-Prieto et al. (2010) . Conversely, based on the analysis of 16SrRNA, rbcL, and the concatenation of these two loci, Falcón et al. (2010) have suggested a more recent origin of primary plastids.
Surprisingly, the few phylogenomic (multigene) studies performed to this day have not led to a precise answer to which cyanobacterial lineage is the closest relative of primary plastids. For example, Rodríguez-Ezpeleta et al. (2005) , by using a 50-protein data set, inferred a deep placement of Archaeplastida primary plastids in a tree of 15 cyanobacterial taxa, but with moderate bootstrap-based supports. Based on the concatenated sequences from genes encoding 16S rRNA, tRNA-Ile, tRNA-Ala, and LSU rRNA, Marin et al. (2005) have inferred a phylogenetic tree with 18 cyanobacterial taxa and with a grafting point of Archaeplastida primary plastids supported by large confidence values situated between the two grafting points inferred by Rodríguez-Ezpeleta et al. (2005) and Falcón et al. (2010) . Finally, Sato (2006) inferred a tree from a 27-protein data set and 10 cyanobacterial taxa and obtained a similar result as Rodríguez-Ezpeleta et al. (2005) but also with moderate confidence value at branches. However, all these multigene analyses were based on small samples of cyanobacteria (i.e., from 10 to 18 taxa), which are not representative of the whole diversity of this bacterial phylum. In order to investigate the origin of primary plastids, it is important to consider all available cyanobacterial taxa. Moreover, a large taxonomic sampling may allow minimizing some systematic biases such as long-branch attraction (e.g., Bergsten 2005; Wiens 2005 ). Finally, primary endosymbiosis may have been followed by a rapid divergence of the Archaeplastida and led to a significant modification of the character state composition in plastid genomes, along with numerous gene transfers to the host nuclear genome and losses (Douglas 1998; Martin and Herrmann 1998) . Phylogenetic analyses require particular care to alleviate sources of bias caused by these evolutionary processes. Moreover, increasing the number of analyzed characters allows both minimizing sampling errors and converging to likely reliable results (Delsuc et al. 2005) .
Here, we have performed an extensive phylogenomic investigation on the origin of primary plastids based on the phylogenetic analysis of a large collection of eukaryotic plastid-and nuclear-encoded sequences, as well as their corresponding cyanobacterial homologues. By considering, on the one hand, plastid-encoded sequences and nuclearencoded sequences of cyanobacterial origin in the genomes representing 22 primary photosynthetic eukaryotes (1 glaucophyte, 5 red algae, 11 green algae, and 5 land plants) and, on the other hand, their homologous sequences in 61 cyanobacterial taxa for which genome sequences are available, we have built several large data sets containing from 121 to 191 phylogenetic markers assessed as congruent and therefore useful to test the origin of primary plastids. Numerous maximum likelihood (ML)-based phylogenetic analyses of these multigene data sets and the inference of precise confidence values at branches allowed us to infer accurate phylogenetic trees. We proposed solutions to circumvent a large range of systematic errors (e.g., efficient ML tree searches to avoid local optima, character state recoding to minimize biases due to compositional heterogeneity, and estimation of confidence regions for the most likely evolutionary history). Finally, we reconstructed the putative ancestral sequences corresponding to the ancestor of the primary plastid in Archaeplastida and performed statistical tests with this synthetic taxon in order to assess its most likely branching within the cyanobacterial tree. Our results robustly support an early emergence of primary plastids within the cyanobacterial tree prior to the diversification of most present-day cyanobacterial lineages for which genomic data are available.
Materials and Methods

Taxonomic Sampling
We gathered the complete genome sequences from all 59 cyanobacterial genomes available at the NCBI repository (http://www.ncbi.nlm.nih.gov) as for January 2010 (supplementary table S1, Supplementary Material online). Moreover, we built two other local nucleotide data banks with the genome assembly data from Arthrospira sp. PCC 8005 (supplementary table S1, Supplementary Material online) and with the genome of Anabaena circinalis ACBU02 available at the RAST repository (genome ID 109265.7; for more details, see Moustafa et al. 2009 ), leading to a total of 61 cyanobacterial taxa (supplementary table S1, Supplementary Material online). We also gathered the complete genomes of 11 primary photosynthetic eukaryotes along with expressed sequence tag (EST) sequences from the NCBI repository for Cyanophora paradoxa and Gracilaria tenuistipitata var. liui. This selection led to 13 nuclear Archaeplastida genomes, that is, 1 Glaucophyta, 2 Rhodophyceae, and 10 Chloroplastida (supplementary table S2, Supplementary Material online). We also obtained the complete chloroplast genomes corresponding to these 13 selected Archaeplastida taxa and integrated three additional ones from red algae and six from green algae (supplementary table S2, Supplementary Material online), leading to a total of 22 representatives of Archaeplastida. Finally, we added to the local data bank the complete genomes from 56 archaeal and 41 bacterial taxa from various phyla to provide a context for proper identification of orthologues. Criscuolo and Gribaldo · doi:10.1093/molbev/msr108 
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Selection of Phylogenetic Markers
In order to obtain a large number of eukaryotic sequences of likely cyanobacterial origin, we selected a first set of query sequences from the Chloroplast Genome Database (http://chloroplast.cbio.psu.edu/; Cui et al. 2006 ). This database, composed of 109 complete plastid genomes, provides clusters of homologous protein sequences named tribes (for more details, see Enright et al. 2002) . By selecting one protein from each of the tribes containing at least three components, we obtained a set of 237 query sequences. This set was completed with 124 nuclear-encoded proteins from Archaeplastida, which were recently indicated to be of cyanobacterial origin by Deschamps and Moreira (2009) . By using each of these protein sequences as query, we carried out sequence similarity searches with the blastp algorithm (Altschul et al. 1990 (Altschul et al. , 1997 against our local data bank. In order to minimize false-positive and false-negative results, different blastp search parameters (i.e., protein-scoring PAM or BLOSUM matrices, and both gap opening and extension costs) were set according to each query sequence length (see http://www.ncbi.nlm.nih.gov/ blast/html/sub_matrix.html). For each result, sequences corresponding to an expectation value ,10 À5 were selected. Additional homologues that either fell below the cutoff or were misannotated were retrieved by performing blastp and tblastn searches on single genomes. Finally, tblastn searches were also run to retrieve homologues from the two additional cyanobacterial taxa and EST data from two Archaeplastida members, followed by manual translations.
Each obtained protein data set was aligned by using ProbCons (Do et al. 2005) , knowing that this software is suggested to be one of the most accurate for sequences with low to intermediate percent identity (e.g., Edgar and Batzoglou 2006) , which could be observed when comparing plastid-encoded sequences to their homologous cyanobacterial ones. Each multiple sequence alignment was trimmed horizontally to remove partial sequences and vertically to select characters suited for phylogenetic inference. Character trimming was performed with the software BMGE (Criscuolo and Gribaldo 2010) , which allows selecting the regions that are most suited for phylogenetic inference by estimating a variability index for each character. Such indexes are estimated by an entropy-like function weighted by standard BLOSUM similarity matrices (for more details, see Criscuolo and Gribaldo 2010) . We used BMGE with the standard BLOSUM62 similarity matrix and a maximum of 20% gaps allowed per character. From each resulting trimmed multiple alignment, we inferred an ML tree with the evolutionary model LG+C 4 +I ) using the script morePhyML, which enables accurate ML tree inferences based on the ratchet technique (see Phylogenetic Analyses in Materials and Methods). Each inferred tree was inspected by eye in order to detect the subtree corresponding to the query sequence and its Archaeplastida and cyanobacterial homologues (plastid and/or nuclear encoded), taking care to identify and eliminate the eventual additional mitochondrial or non-organellar homologues and a subset of phylogenetically closely related bacterial outgroup sequences. These restricted sets of sequences were realigned, trimmed, and phylogenetically analyzed a second time. The resulting trees were inspected by eye in order to identify and discard eventual Archaeplastida and/or cyanobacterial paralogues by using as a guide a phylogenetic tree based on a concatenated data set of ribosomal proteins (not shown). Finally, markers with too poor resolution or too complex patterns preventing a clear identification of sequences of interest were discarded. Following this process, we selected a total of 260 cyanobacterial markers with their corresponding plastid-and/or nuclear-encoded Archaeplastida homologues.
Orthology Assessment
In order to identify cyanobacterial orthologues, for each of the 260 phylogenetic markers, we inferred an ML tree from cyanobacteria only by using morePhyML with the model LG+C 4 +I. Differently to many (in)congruence assessing methods (for a review, see Planet 2006; Leigh et al. 2008) , not only did we try to identify the maximal subset of congruent genes; our goal was, in a first time, to assess which phylogenetic markers were incongruent and, in a second time, to identify and remove the sequences responsible for this incongruent phylogenetic signal. For this, we used two procedures: (1) Shimodaira-Hasegawa (SH) tests and (2) direct topology comparison.
(1) For each of the 260 2 possible pairs of genes, the corresponding multiple sequence alignments and gene trees were restricted to their common taxon set, and SH tests (Shimodaira and Hasegawa 1999) were performed in order to assess whether the two genes share a significantly similar phylogenetic history. Likelihoods per character (model LG+C 4 +I) were estimated with the software PhyML (Guindon and Gascuel 2003; Guindon et al. 2010) , and SH tests were performed with the software CONSEL (Shimodaira and Hasegawa 2001) . We considered that two gene trees were significantly different when the SH test returned a P value ,1%. On average, each tree was rejected by ;17% of the 260 markers (supplementary fig. S1A , Supplementary Material online). We therefore considered the 72 markers rejecting more than 17% of the trees as incongruent.
(2) For each of the (260 Â 259/2) 33,670 pairs of distinct ML gene trees t 6 ¼ t#, we restricted them to their common taxon set and compared the respective topology of the two subtrees of each of their possible taxon quartets. Given taxon quartets i, j, u, v from the common taxon set of trees t and t#, let i t , j t , u t , v t and i t# , j t# , u t# , v t# be their corresponding leaf name in the trees t and t#, respectively, and let n(i t ) be a topological incongruence index, first set to zero for all taxon leaf i t inside each of the 260 gene trees t. Given a pair of distinct trees t and t#, we compared the respective topologies of every possible quartet subtrees on i, j, u, and v:
Origin of Primary Plastids · doi:10.1093/molbev/msr108 MBE u t , v t and i t# , j t# , u t# , v t# share nonidentical topologies in t and t#, then n(i t ), n(j t ), n(u t ), n(v t ), n(i t# ), n(j t# ), n(u t# ), and n(v t# ) are all incremented by 1. After comparing each possible pairs of distinct trees, each value n(i t ) was normalized by the total number of quartet comparisons in which i t was involved. Each of these topological indexes then varies from 0 to 1 and quantifies the corresponding taxon leaf misplacement: when compared with all other trees, the taxon leaf i t is as incongruently located inside the tree t as its index n(i t ) is close to 1. Moreover, by averaging all the n(i t ) values that correspond to a given tree t, we also obtained a topological incongruence index n(t) for each of the 260 trees t. In order to distinguish among congruent and incongruent tree topologies, we empirically defined all trees t with incongruence index n(t) below the median value as having congruent tree topologies and the remaining trees as incongruent ones.
Following these two procedures, we defined as strongly incongruent those markers that were assessed as incongruent both by SH tests and direct topological comparisons. Then, we sought to identify the sequences causing the incongruence in these strongly incongruent data sets, so that we could remove these sequences and try to obtain a congruent data set. In practice, for each taxon i, we sorted its related n(i t ) values to compute the median value ñ(i.). For each tree t, we calculated the median value ñ(. t ) in a similar way. We then removed those sequences i t (i.e., related to the taxon i for the gene tree t) for which the corresponding incongruence index was abnormally high: n(i t ) . ñ(i.) and n(i t ) . ñ(. t ). The resulting data sets were realigned, trimmed, and used to infer ML gene trees. A new pairwise SH test procedure was then performed, as previously described. This time, each tree was rejected by ;12% of the 260 genes on average, indicating that our approach could lead to a larger congruence among markers. Another sequence removal step was tried but did not lead to an overall improvement of the whole congruence of the 260 markers (not shown). We therefore stopped at this stage and definitely removed from further analysis the 69 data sets corresponding to markers rejecting more than 12% of the trees. The remaining 191 markers were subjected to a last round of alignment, trimming, phylogenetic inference, and SH tests. This time, each tree was rejected by ;4% only of the genes on average (supplementary fig. S1B , Supplementary Material online), and we therefore considered to have reached a degree of congruence considered acceptable. This data set (83 taxa and 191 markers) includes from 43 to 171 markers per taxon (average: 158.23; 25% and 75% quartiles: 158 and 179, respectively) and from 28 to 83 taxa per marker (average: 68.76; 25% and 75% quartiles: 65 and 76, respectively; see Supplementary Material online for more details on each marker).
Phylogenetic Analyses
From the 191 orthologous markers (see previous section), we built four data sets for further phylogenomic analysis:
(1) only cyanobacterial sequences (191 genes, C data set); (2) cyanobacterial sequences and their homologous plastid-encoded Archaeplastida sequences (127 genes, CP data set); (3) cyanobacterial sequences and their homologous nuclear-encoded Archaeplastida sequences (134 genes, CN data set); and (4) cyanobacterial sequences and both their homologous plastid-and nuclear-encoded Archaeplastida sequences (191 genes, CPN data set). For each of these four data sets, sequences of each phylogenetic marker were aligned with ProbCons and trimmed with BMGE (with matrix BLOSUM95 and a maximum of 20% gaps allowed per character). For each of these four data sets, a supermatrix of characters was built by concatenating the trimmed alignments (where all missing sequences were replaced by unknown character states) with the software Concatenate (available at http://www.supertriplets. univ-montp2.fr/PhyloTools.php). The number of taxa and characters, as well as the percentage of missing characters composing these four sets of multiple sequence alignments, are given in table 1. These data sets contain less than 20% of missing data (see table 1), although the amount of missing data are slightly asymmetric (i.e., less than 20% for most cyanobacteria and more than 40% missing data for some Archaeplastida, see supplementary figs. S2-S5, Supplementary Material online).
We assessed whether each of the four supermatrices of characters suffers from non-homogeneous amino acid character state composition by using the v 2 test of Susko and Roger (2007) . A P value ,1% was returned for each of the four supermatrices of characters, which means that all suffer from strong heterogeneous composition across taxa (for more details, see Susko and Roger 2007) . These results were confirmed by performing pairwise Stuart's v 2 tests (Stuart 1955) between each pair of concatenated sequences: given two aligned sequences, if the Stuart's test returns a low P value (e.g., ,1%), then it is assessed that the two sequences do not have similar character state Criscuolo and Gribaldo · doi:10.1093/molbev/msr108 MBE compositions (Ababneh et al. 2006; Criscuolo and Gribaldo 2010) . Indeed, we observed a large proportion of Stuart's test P values ,1%: ;90% for the C data set, ;74% for the CP data set, ;87% for the CN data set, and ;89% for the CPN data set. As heterogeneous composition across sequences often leads to artifacts during phylogenetic tree inference (e.g., Lockhart et al. 1999) , amino acid sequences in the four supermatrices of characters were recoded by using 4-bin reduced amino acid alphabets (see Susko and Roger 2007) . For each of the four supermatrices of characters, optimal reduced alphabets were computed with the software minmax-chisq (Susko and Roger 2007) , and amino acid sequences were recoded accordingly (see supplementary table S3, Supplementary Material online). In complement, because the accuracy of ML tree-building methods often increases with the number of characters (see, e.g., Criscuolo et al. 2006; Wiens 2006 ) the four supermatrices of characters were also recoded by replacing each amino acid character state by its corresponding degenerated codon, therefore multiplying by a factor of three the number of characters (Criscuolo and Gribaldo 2010) . All data sets used in this study are available upon request from the authors. All phylogenetic tree inferences were performed by optimizing the ML criterion. For amino acid sequences, the evolutionary model LG+C 4 +I was used, unless otherwise specified. This model was chosen because it allows, for similar running times during preliminary tests, to obtain better log-likelihood values when compared with several other less recent amino acid substitution models (not shown; for similar observations, see . More recent mixture models (CAT, EX2, EX3, UL2, and UL3; were tested, but these were not used because of the huge running times they require, as well as memory limitations. However, an ML tree was inferred with the model CAT (Lartillot and Philippe 2004; Lartillot et al. 2007; ) from the data set CPN, with a highly stringent selection of amino acid characters and a subsample of 29 taxa. The 4-bin recoded supermatrices of characters were analyzed with the general time reversible evolutionary model (GTR)+C 4 +I (Lanave et al. 1984; Rodríguez et al. 1990; Yang 1994) , and the supermatrices of degenerated codon characters were analyzed with the evolutionary model GTR+C 4 +F. Parameter I (i.e., proportion of invariable characters) was not used with degenerated codons because in preliminary tests, inferences from these data sets always led to ML estimates of ;0% of invariable sites.
All ML tree searches were performed by using a Linux shell script that allows using the software PhyML (Guindon and Gascuel 2003; Guindon et al. 2010) to perform more intense hill-climbing heuristic searches. This script, named morePhyML (available at ftp://ftp.pasteur.fr/pub/gensoft/ projects/morePhyML/), uses the different options of PhyML (i.e., NNI-and SPR-based tree neighborhoods and bootstrap technique to build ''noisy'' replicates of the initial multiple sequence alignment) to perform ratchetbased ML tree searches. After a first launch of PhyML, morePhyML uses the so-inferred tree as starting tree to perform an ML tree search from a noisy replicate of the data, and this so-obtained noisy tree is then used as starting tree to perform another ML tree search from the initial data. This loop (i.e., inference of a noisy tree that is used as a starting tree to perform an ML tree search) is iterated by morePhyML as long as it allows obtaining trees with better log-likelihood values. Introducing noise into the initial multiple sequence alignment during a heuristic tree search is closely related to the so-called ratchet procedure (Nixon 1999; Morrison 2007) , which is an efficient way to avoid local optima. Indeed, morePhyML allows inferring ML trees with often better log-likelihood values than those inferred with PhyML only (not shown).
Despite the use of morePhyML to escape from local optima during ML tree searches, we sought to search more thoroughly the ML tree for each of our data sets by testing a large number of alternative topologies. These were obtained by morePhyML from 500 replicates generated with the bootstrap procedure (Felsenstein 1985) from each of the three versions (i.e., initial amino acids, 4-bin coding, and degenerated codon coding) of the four different data sets (i.e., data sets C, CP, CN, and CPN), as well as from one additional version obtained from each of the four supermatrices of amino acid characters by performing the stationary-based character trimming implemented in the software BMGE to select a subset of characters that are compositionally homogeneous (Criscuolo and Gribaldo 2010) . Note that the CPN amino acid supermatrix being too large for the software PhyML, we removed those characters containing more than 20% of both gaps and unknown character states; the resulting supermatrix, containing 20,024 amino acid characters, did not cause a low memory error and was used to infer trees with morePhyML. Following these procedures, we obtained 4 (initial amino acids, 4-bin coding, degenerated codon coding, and stationary-based amino acid character selection) + (4 Â 500) (bootstrap-based trees) 5 2,004 phylogenetic trees from each of the four different data sets (i.e., data sets C, CP, CN, and CPN). After removing identical trees, we obtained a large set of alternative tree topologies for each of the four data sets (i.e., data set C: 238 different topologies, CP: 988, CN: 411, CPN: 808). Then, the likelihood of each of these candidate trees was estimated from each of the four data sets. For both the 4-bin and degenerated codon codings, likelihood estimations were performed from the supermatrix of characters (i.e., the so-called ''combined'' model; Philippe et al. 2005) . For the initial amino acid data sets, likelihoods were estimated from each multiple sequence alignment with the model LG+C 4 +I, so that we could consider all the characters in the large CPN data set, which would have otherwise been too computationally intensive with the combined model. Moreover, this strategy, related to the so-called ''separate'' model (Yang 1996; Pupko et al. 2002 ; see also Ren et al. 2009 ), led to a better fit of the amino acid data sets, according to both observed log-likelihood and Akaike (1973) information criterion values (not shown), by allowing branch lengths, C shape parameters, and proportions of
and degenerated codon coding) of the four data sets (i.e., C, CP, CN, and CPN), the tree with the highest likelihood estimate was selected as the ML one.
Assessing Confidence on Branches
To assess precise confidence values at branches, we used a novel approach. For each of the four supermatrices of characters and its set of inferred alternative trees (see above), each of these different trees were given as user tree in the software PhyML to estimate likelihoods per character. For the 4-bin and the degenerated codon codings, likelihoods per character were estimated with the combined models GTR+C 4 +I and GTR+C 4 +F, respectively, whereas the separate model LG+C 4 +I was chosen for the original amino acid data sets (see above for definitions of the combined and separate models). Then, given a data set and its set of trees (with their corresponding likelihoods per character), Approximately Unbiased (AU) tests (Shimodaira 2002) were performed to assess which of these trees are present in the confidence region for the ML phylogenetic tree. We favored the AU test because it has been shown that it is less liberal than the SH test when considering large sets of trees (Strimmer and Rambaut 2001; Shimodaira 2002; Shi et al. 2005) . This was performed following four steps: first, all likelihoods per character were provided to CONSEL with default options (i.e., 100,000 multiscale RELL bootstrap replicates; Kishino et al. 1990; Shimodaira 2002) and trees corresponding to AU test P values ,0.01% were removed; second, the remaining likelihoods per character were used to perform another AU test with twice the number of replicates (i.e., 200,000 with the option -b 2 in CON-SEL) in order to reduce standard errors and trees with a P value ,0.1% were removed; third, the remaining likelihoods per character were used to perform another AU test with 300,000 replicates and trees with a P value ,1% were removed; and finally, the remaining likelihoods per character were used to perform another AU test with 400,000 replicates to assess final statistical values. Following this method, for the three codings (i.e., original amino acids, 4-bin, and degenerated codon) of each of the four data sets, we estimated a set of phylogenetic trees included in the confidence region for the ML tree. Moreover, an AU test P value was estimated for each tree, as well as its bootstrap probability np (i.e., the probability that the tree has the largest likelihood in the bootstrap replicates performed during the AU test; see the CONSEL documentation; Shimodaira and Hasegawa 2001) . By definition, the sum of the np probabilities within a set of selected trees is 1, and np values are correlated with their corresponding AU test P values. We then considered the best phylogenetic tree (i.e., the tree associated with the highest likelihood) inside each confidence region, and branch supports for this tree were estimated with the help of the software Phyutility (Smith and Dunn 2008) as the weighted proportion of times each branch (i.e., the taxon bipartition induced by this branch) appears in the trees in the confidence region, each of these trees being weighted by its corresponding np value.
This method uses the bootstrap procedure to generate many trees from a data set and to estimate the level at which each branch is recovered. However, our approach can improve the standard bootstrap procedure by removing the trees that are not in the confidence region of the ML tree (i.e., from 27% to 76% removed trees). Moreover, each tree in the confidence region is weighted by its np value estimated by the AU test instead of simply the number of times it is repeated in the set of bootstrap-based trees. Therefore, the confidence values estimated for the branches of the different phylogenetic trees presented in this paper can be seen as a compromise between bootstrap proportions (Felsenstein 1985) and Bayesian posterior probabilities (Rannala and Yang 1996) . As a comparison, standard bootstrap-based confidence values at branches (based on the 500 replicated supermatrices of characters; see above) are available in Supplementary Material online. Our method is closely related to the approach suggested by Jermiin et al. (1997) . Indeed, they were the first to suggest to weight different alternative trees with statistical values that assess their respective significant differences from the ML tree on the basis of the likelihood estimates. Our approach extends the idea of Jermiin et al. (1997) by considering the np weights, which are closely related to the recently developed AU test.
Reconstruction of Primary Plastid Ancestral Sequences
From each of the 191 markers of cyanobacterial origin, we reconstructed the ancestral primary plastid sequence at the root of the Archaeplastida tree. By analyzing only the set of Archaeplastida sequences (i.e., only plastid encoded, only nuclear encoded, and both plastid-and nuclear-encoded sequences), we found eight trees inside the confidence region for the ML tree of the Archaeplastida (not shown). These eight trees only differed in the respective position of the two green algae Chlorella vulgaris and Leptosira terrestris (not shown). Because the order of emergence of the Glaucophyta, Rhodophyceae, and Chloroplastida was unclear, we considered a trifurcation at the root of Archaeplastida. For each considered alignment, the reconstruction of ancestral sequences was performed on the basis of the ML criterion (with several dedicated evolutionary models; see below) by fitting the branch lengths of the eight Archaeplastida trees with the software PhyML and then by providing the multiple sequence alignment and the corresponding refitted trees to the software codeml of the package PAML (Yang 2007) . Six different types of markers were treated separately, as described below.
(1) For each of the sets composed by only plastid-encoded sequences for all three Archaeplastida phyla (22% of the 191 genes), the multiple alignment was used to fit the branch lengths of each of the eight possible trees in the confidence region (restricted to their common taxa) with the model cpREV+C 4 , dedicated to
Criscuolo and Gribaldo · doi:10.1093/molbev/msr108 MBE plastid-encoded sequence evolution (Adachi et al. 2000) . Each of these eight branch length refitted trees was then used to reconstruct the ancestral primary plastid amino acid sequence at the root of the Archaeplastida with the same model. Following this procedure, eight possible ancestral sequences (i.e., one per Archaeplastida tree) of identical length were constructed for each gene. We then considered a unique ancestral sequence by selecting only the characters that were constant across these eight sequences. (2) By using the same method but with model LG+C 4 , we also reconstructed the ancestral sequence from each of the sets composed by only nuclear-encoded sequences for all three Archaeplastida phyla (20% of the 191 genes). (3) For the sets composed by a mixture of plastid-and nuclear-encoded sequences for all three Archaeplastida phyla (22% of the 191 genes), we observed that all sequences in any of the three phyla were either plastid or nuclear encoded. We therefore reconstructed a first ancestral sequence at the root of the nuclear-encoded sequence subtree with the model LG+C 4 . This subtree was then replaced by its ancestral taxon, and the remaining sequences (plastid encoded) were used to reconstruct the ancestral sequences with the model cpREV+C 4 . (4) For the sets composed by plastid-encoded sequences for only two Archaeplastida phyla but no plastid-or nuclear-encoded sequences for the third one (i.e., Glaucophyta and Rhodophyceae, Glaucophyta and Chloroplastida, or Rhodophyceae and Chloroplastida; 7% of the 191 genes), we reconstituted a trifurcation by grafting each possible homologous cyanobacterial sequence between these two phylum subtrees inside each of the eight Archaeplastida trees. The branch lengths of each of these trees were estimated with the model cpREV+C 4 , and the cyanobacterial sequence was removed. Following this approach, we obtained eight rooted trees with refitted branch lengths for each possible homologous cyanobacterial sequences (i.e., a maximum of 61 branch length estimates for the two edges arising from the root of the eight possible eukaryotic trees). Each of these rooted trees was used to reconstruct an ancestral sequence, and the final ancestral sequence was built by selecting only the constant characters across all reconstructed ancestral sequences. (5) The same procedure was used to reconstruct an ancestral sequence from each set composed by nuclearencoded sequences for only two Archaeplastida phyla but no plastid-or nuclear-encoded sequences for the third one (13% of the 191 genes) but with the model LG+C 4 . (6) Similarly, for the sets composed by plastid-encoded sequences for one phylum, nuclear-encoded sequences for a second phylum, and no sequences for the third phylum (9% of the 191 genes), we reconstructed a first ancestral sequence at the root of the nuclear-encoded sequence subtree with the model LG+C 4 . This subtree was then replaced by its ancestral taxon and was rooted by all possible homologous cyanobacterial sequences (see above). Then, this subtree was replaced by its ancestral taxon, and the remaining sequences (i.e., plastid encoded and first reconstructed ancestral ones) were used to reconstruct the ancestral sequences with the model cpREV+C 4 . The final ancestral sequence was constructed by selecting only the constant characters across all reconstructed ancestral sequences.
The 13 remaining sets of sequences (i.e., 7% of the 191 genes) were not used because the corresponding Archaeplastida sequences were from one phylum only. This strategy therefore allowed reconstructing 178 ancestral Archaeplastida primary plastid sequences (available in Supplementary Material online) from the largest data set (CPN data set). Each of these ancestral sequences was added to its corresponding multiple cyanobacterial sequence alignment with the software MUSCLE (Edgar 2004a (Edgar , 2004b .
Results and Discussion
A Robust Reference Tree for Cyanobacteria
Because our goal was to infer the most likely branching of primary plastids within cyanobacteria, we selected 260 Archaeplastida markers of cyanobacterial origin (see Materials and Methods). However, it was first essential to have a solid reference tree of cyanobacteria. Therefore, we first identified and eliminated, among these markers, 69 that were incongruent because of eventual horizontal gene transfers within cyanobacteria, hidden paralogy, or artifacts that could bias the following analyses (see Materials and Methods and supplementary fig. S1 , Supplementary Material online). We then analyzed the remaining 191 congruent phylogenetic markers (C data set in table 1). Preliminary phylogenetic inferences with a bacterial outgroup indicated that G. violaceus PCC 7421 is the deepest branch within cyanobacteria, immediately followed by the two closely related taxa Synechococcus sp. JA-3-Ab and JA-2-3B#a(2-13) (see supplementary figs. S6-S8, Supplementary Material online). This is in agreement with many other previous phylogenetic analyses of this bacterial phylum (e.g., Douglas and Turner 1991; Bhattacharya and Medlin 1995; Nelissen et al. 1995; Turner et al. 1999; Rodríguez-Ezpeleta et al. 2005; Swingley et al. 2008; Gupta and Mathews 2010; Reyes-Prieto et al. 2010) . Moreover, other trees were built by excluding either the outgroup sequences or each of the three early diverging cyanobacteria or by adding plastid-and nuclear-encoded Archaeplastida sequences, and each analysis gave broadly similar topologies (not shown). We therefore used the cyanobacterial strain G. violaceus PCC 7421 to root our phylogenetic trees.
A large number of topologies were inferred from three alternative coding versions of the C data set (i.e., amino acid, 4-bin, and degenerated codon coding; see Materials and Methods and table 1). The likelihood of each of these different tree topologies was estimated and used to perform AU tests in order to assess confidence on branches Origin of Primary Plastids · doi:10.1093/molbev/msr108 MBE FIG. 1. Phylogenetic tree inferred from the 4-bin recoding of the C data set. The same tree was obtained with the degenerated codon recoding. Confidence values at branches were obtained from the set of trees found in the confidence region, where each of these trees is weighted by its bootstrap probability np. Top, middle, and bottom confidence values correspond to the confidence region and bootstrap probability weights obtained with amino acid character states, degenerated codon coding, and 4-bin recoding, respectively. All thick branches are supported by 100% of the trees found inside each of the three confidence regions. Group identifiers indicated by brackets on the right correspond to those identified by Turner et al. (1999; group names) and Honda et al. (1999; group numbers; see main text) . Roman numbers (I), (III), and (IV) correspond to the different subsections according to the morphology-based classification of Rippka et al. (1979) . N 2 symbols inside gray circles indicate taxa known to be able to fix nitrogen (according to Asada et al. 1998 Criscuolo and Gribaldo · doi:10.1093/molbev/msr108 MBE (see Materials and Methods). We obtained very similar ML trees with high confidence values for the majority of branches. In particular, the trees inferred from the degenerated codon coding and from the 4-bin recoding were identical ( fig. 1) , whereas the third tree obtained from the initial amino acid data set mainly differs in the respective branching order between the Oscillatoria sequence group (OSC) and the Nostoc sequence group (NOST) (see below and supplementary fig. S9 , Supplementary Material online). Indeed, these two subtrees are supported by confidence values among the lowest (i.e., ,0.8; fig. 1 ). To our knowledge, the ML tree in figure 1 is based on the phylogenomic data set that combines the largest taxonomic sampling and number of markers used so far to investigate the phylogeny of cyanobacteria, with respect to early analyses based on 16S rRNA only (see, e.g., Honda et al. 1999; Turner et al. 1999) or more recent ones performed with fewer taxa or fewer markers (Shi and Falkowski 2008; Swingley et al. 2008; Blank and Sánchez-Baracaldo 2010; Gupta and Mathews 2010) . Based on 16S rRNA analyses comprehensive of a large taxonomic sampling, Honda et al. (1999) and Turner et al. (1999) have indicated 7-9 sequence groups (indicated by names or numbers, respectively): Nostoc sequence group (NOST-1), Oscillatoria sequence group (OSC-2), Pseudoanabaena sequence group (PSAN-3), Leptolyngbya sequence group (LEPT-4), Synechocystis/Pleurocapsa/Microcystis sequence group (S/P/M-5), Synechococcus sequence group (SO-6), Phormidium sequence group (PHOR-7), ''unicellular thermophilic'' sequence group (UNIT), and Gloeobacter sequence group (GBACT). Our sampling includes members of all but two (PSAN-3 and LEPT-4) of these sequence groups and displays very high confidence values for the majority of branches ( fig. 1 ). It robustly supports the early branching of the two Synechococcus sp. JA-3-3Ab and JA-2-3B#a(2-13) (GBACT group) in agreement with Turner et al. (1999) , as well as the sequence groups NOST-1, S/P/M-5, and SO-6 ( fig. 1 ). On the other hand, the OSC sequence group appears paraphyletic because Microcoleus chthonoplastes PCC 7420 robustly groups with the S/P/M sequence group ( fig. 1 ), contrary to previous analyses (Honda et al. 1999; Turner et al. 1999) . High confidence values indicate monophyly of NOST + OSC + S/P/M, in agreement with Honda et al. (1999) , although the evolutionary relationships among these three groups are poorly resolved ( fig. 1) . A few branches remain weakly supported, such as some internal relationships among members of the NOST-1 sequence group, the grouping of Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803, and the early divergence of the Acaryochloris + Thermosynechococcus + Cyanothece PCC 7425 clade. Finally, the sister group relationship of Synechococcus sp. PCC 7335 (corresponding to the PHOR-7 sequence group) with the SO sequence group is moderately supported ( fig. 1) , although in agreement with previous data (Honda et al. 1999; Turner et al. 1999) . Indeed, these nodes involve taxa that were considered as problematic by Blank and Sánchez-Baracaldo (2010) . This is probably due to their deep branching in the cyanobacteria tree, worsened by their respective terminal long branches. The increase of taxon sampling around these taxa may allow breaking these long branches and lead to an increased stability for their respective branching order.
This robust phylogeny of cyanobacteria can be used as a reference frame to better understand the evolution of this phylum and the emergence of its characters. For example, it appears that the ability to fix nitrogen is an early feature in cyanobacteria ( fig. 1 ), in agreement with findings of Tomitani et al. (2006) and Swingley et al. (2008) , but in contrast to what recently proposed by Shi and Falkowski (2008) .
Origin of Primary Plastids
We then proceeded to investigate the placement of primary plastids within the cyanobacterial phylogeny. Following the same approaches as for the cyanobacteria data set, phylogenetic trees were inferred from three alternative coding versions (i.e., amino acid, 4-bin, and degenerated codon coding) of three data sets: CP (cyanobacteria + plastid), CN (cyanobacteria + nucleus), and CPN (cyanobacteria + plastid + nucleus) (see table 1 and Materials and Methods).
The monophyly of primary plastids was unambiguously supported by 100% of the trees in the different confidence regions (table 1, fig. 2 , and supplementary figs. S11-S18, Supplementary Material online). However, as highlighted by Deschamps and Moreira (2009) , the relationships within Archaeplastida remain ambiguous. From the data set considering only plastid-encoded sequences (CP data set), inferred ML trees supported the earliest emergence of Rhodophyceae (supplementary figs. S11-S13, Supplementary Material online), similarly to what observed by some authors on the basis of different phylogenetic approaches (e.g., Nozaki et al. 2003; Stiller et al. 2003; Rodríguez-Ezpeleta et al. 2005; Hackett et al. 2007; Burki et al. 2008) . When considering only nuclear-encoded sequences (CN data set), Chloroplastida emerged first with amino acid analysis (supplementary fig. S14 , Supplementary Material online), whereas Glaucophyta was the earliest emerging lineage with both 4-bin and degenerated codon recoded supermatrices of characters (supplementary fig. S15 , Supplementary Material online). However, the phylogenetic trees inferred from the CN data set may suffer from a bias (perhaps due to a large number of missing data; see supplementary fig. S4 , Supplementary Material online) because the ''problematic'' Synechococcus sp. PCC 7335 (see above) has a different position with respect to trees inferred from the C, CP, and CPN data sets (figs. 1 and 2, and supplementary figs. S9-S18, Supplementary Material online). Finally, when considering the largest supermatrices of characters (CPN data set), the separate amino acid analysis suggested the earliest emergence of Chloroplastida (supplementary fig. S16 , Supplementary Material online), whereas 4-bin and degenerated codon supermatrices indicated the earliest emergence of Rhodophyceae ( fig. 2 , and supplementary figs. S17-S18, Supplementary Material online; see also the tree inferred with the model CAT in supplementary fig. S19 , Supplementary Material online). There is therefore no evidence from our analyses Origin of Primary Plastids · doi:10.1093/molbev/msr108 MBE FIG. 2. Phylogenetic tree inferred from the 4-bin recoding of the CPN data set. Confidence values at branch were obtained from the set of trees found in the confidence region, where each of these trees is weighted by its bootstrap probability np. Top, middle, and bottom confidence values correspond to the confidence region and bootstrap probability weights obtained with amino acid character states, degenerated codon coding, and 4-bin recoding, respectively. All thick branches are supported by 100% of the trees found inside each of the three confidence regions. Diamonds 1, 2, and 3 indicate the three grafting points of the primary plastid ancestral sequences corresponding to the highest AU test P values. AU test results (i.e., P values and bootstrap probabilities np) as well as their standard error for the three considered character state codings are given in the table on the right. Note that the branching point corresponding to diamond 3 along with all remaining ones was rejected by the AU test.
for a most likely internal relationship among the three Archaeplastida phyla. Indeed, when compared with the numerous available green algae and land plant sequenced genomes, the sampling of plastid and nuclear sequences remains small for Rhodophyceae and Glaucophyta (see Supplementary Material online). It is expected that future enrichment of the taxon sampling for these two phyla will lead to more precise phylogenetic relationships.
In all the inferred trees, the Archaeplastida subtree was always found as a sister group of most of our cyanobacterial taxon sampling, branching just after the divergence of G. violaceus PCC 7421 and that of the early emerging taxa Synechococcus sp. JA-3-3Ab and JA-2-3B#a(2-13) ( fig. 2 and supplementary figs. S11-S19, Supplementary Material online). Moreover, the strongly supported monophyly of the remaining cyanobacterial taxa ( fig. 2) seems to exclude a possible emergence of Archaeplastida from any of these lineages. This placement agrees with that inferred based on 16S rRNA by Turner et al. (1999) and is similar to what observed in the multigene tree of Rodríguez-Ezpeleta et al. (2005) . However, contrary to previous analyses, it is supported by all the trees found in the different confidence regions (table 1) , leading to a 100%-supported Archaeplastida subtree grafting point for all tree-building methods. It appears that compositional heterogeneity (see Materials and Methods) does not bias the ML phylogenetic analysis of the three original amino acid data sets (CP, CN, and CPN) because we obtained the same branching of the Archaeplastida tree with the recoded data sets. Moreover, long-branch attraction seems excluded because we obtained the same result with an ML-based phylogenetic analysis with the CAT model (supplementary fig.  S19 , Supplementary Material online) (Lartillot and Philippe 2004; , well known to be robust against this kind of artifact (Lartillot et al. 2007; .
In order to investigate further the placement of primary plastids within the cyanobacterial tree, we inferred the ancestor sequences at the root of the Archaeplastida subtree for most of the considered phylogenetic markers (see Materials and Methods) . This synthetic taxon is closer to the cyanobacterial ancestor of primary plastids than are contemporary Archaeplastida sequences (i.e., in terms of both evolutionary distances and character composition), thus reducing possible artifacts such as compositional heterogeneity or long-branch attraction. Moreover, by using dedicated models to infer the evolutionary process of plastid and nuclear sequences (see Materials and Methods), possible model misspecification was broadly alleviated. Because the order of emergence of the Glaucophyta, Rhodophyceae, and Chloroplastida subtrees is unclear, we considered a trifurcation at the root of Archaeplastida. We reconstructed 178 ancestral primary plastid sequences from the largest data set (CPN data set; see Materials and Methods). Each of these 178 ancestral sequences was then added to its corresponding alignment of cyanobacterial homologues. In order to minimize compositional biases, each aligned ancestral sequence was parsed by replacing each ancestral character whose state was unique by an unknown character state. Following this process, we obtained a fourth large phylogenomic data set composed of 62 taxa (i.e., 61 cyanobacterial taxa and the inferred ancestor of primary plastid eukaryotes) and 29,074 amino acid characters. We therefore grafted the ancestral primary plastid taxon leaf to each of the 119 branches of the cyanobacterial species tree in figure 1 , and we used the AU test to assess which of these 119 primary plastid origin scenarios are present in the confidence region for the ML tree (see Materials and Methods) . The AU test was performed with the initial amino acid data set and on the two character state recodings (degenerated codon and 4-bin). The three best results (i.e., AU test P value and bootstrap probability np) are represented by diamond symbols on the corresponding branches in figure 2, along with their associated statistical values. This analysis with reconstructed ancestral plastid sequences rejected all branching points for primary plastids except the one suggested by all our phylogenetic trees inferred with plastid-and/or nuclear-encoded sequences (diamond 1 in fig. 2 ). However, when considering recoded character states, one less likely but possible branching was suggested (i.e., AU test P value .1% with both degenerated codon and 4-bin recoding), that is, at the root of the SO-6 clade (diamond 2 in fig. 2 ). All other grafting points were rejected by the AU test (P values equal to or lower than that observed for diamond 3).
To sum up, our results strongly indicate a branching of primary plastids after the divergence of G. violaceus PCC 7421 and the two Synechococcus sp. JA-3-3Ab and JA-2-3B#a(2-13), consistently with the analysis of Turner et al. (1999) , and a less likely alternative branching at the base of the SO-6 clade. It has been proposed that primary chloroplasts descend from a nitrogen-fixing unicellular cyanobacterium that was capable of storing starch because this double ability would have been a trigger for the establishment of endosymbiosis in the ancestor of Archaeplastida, which would have imported ADP glucose in exchange for reduced nitrogen (Deschamps et al. 2008) . The ability of storing starch is today present in members of the S/P/M group of Chroococcales, and a recent phylogenetic analysis of 16S rRNA sequences has given support to the sistership of primary plastids to this group (Falcón et al. 2010) . Our results firmly exclude the emergence of primary plastids from within any of the established cyanobacterial groups such as the S/P/M group. This can be nevertheless reconciled with the hypothesis of Deschamps et al. (2008) because the inferred cyanobacterial tree in figure 1 shows that it is likely that the ancestor of this large cluster was unicellular and already fixed nitrogen, this ability having been lost multiple times independently over the evolution of cyanobacteria (Tomitani et al. 2006; Swingley et al. 2008) . It is therefore possible that this ancestor was also capable of storing starch, an ability that would have been subsequently lost in many lineages. Our results are at odds with the study by Deusch et al. (2008) , which analyzed the pattern of presence/absence and phylogeny of genes of cyanobacterial origin in four Archaeplastida genomes. They found that the proteins of cyanobacterial origin in the four Origin of Primary Plastids · doi:10.1093/molbev/msr108 MBE Archaeplastida harbored the highest amino acid identity with their corresponding homologues from Nostoc and Anabaena. These two cyanobacterial taxa were also the ones that shared the highest fraction of homologues with Archaeplastida. Deusch et al. (2008) suggested that primary plastids might have been similar to present-day Nostocales, consistent with the fact that members of section IV are involved in a number of modern symbiotic associations with eukaryotes, where they provide reduced nitrogen to the host. The study of Deusch et al. (2008) only included eight cyanobacterial genomes, and it would surely be worth testing again these results with a larger taxonomic sampling of this phylum. Also, the possibility should not be excluded that members of the Nostocales have transferred genes to some Archaeplastida subsequent to the endosymbiotic event that gave rise to the chloroplast because they are involved in numerous symbioses, especially with land plants. Indeed, Deusch et al. (2008) observed that Nostoc and Anabaena occurred very frequently as the sister group to Arabidopsis thaliana and Oryza sativa, whereas Chlamydomonas reinhardtii and Cyanidioschyzon merolae frequently showed a sister relationship with Synechococcus elongatus and Thermosynochococcus elongatus, which is more consistent with our results.
Conclusions
The origin of plastids is a key question in evolutionary biology. However, it is not an easy one to answer, and previous analyses have in fact led to incongruent results. These have either used a large taxonomic sampling but one or very few genes or large combined gene data sets but very few taxa. The recent availability of complete genomes from a large sampling of cyanobacterial diversity has allowed us to perform a thorough analysis including a very large number of markers and a wide cyanobacterial taxonomic sampling. We have proposed a number of novel solutions to alleviate possible biases and have produced a robust deep placement of primary plastids into a solid cyanobacterial phylogeny. Our analysis lacked a number of important lineages for which no genome sequences are yet available, such as subsection II and subsection V and the possibly deep-branching Pseudanabaena group. This gap will nevertheless be likely filled up in the near future. A larger taxonomic sampling will also be important to test scenarios alternative to the hypothesis of a unique endosymbiosis event at the origin of primary plastids, such as that proposing multiple independent endosymbioses of closely related cyanobacterial strains (Howe et al. 2008; Parfrey et al. 2010) . In any case, our results indicate that in order to have further insight into the emergence of primary plastids, sequencing efforts should be focused on the deep parts of the cyanobacterial tree.
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